Based on density functional theory, the electronic and optical properties of hybrid organic/perovskite crystals are thoroughly investigated. We consider the mono-crystalline 4F-PEPI as material model and demonstrate the optical process is governed by three active Bloch states at the  point of the reduced Brillouin zone with a reverse ordering compared to tetrahedrally bonded semiconductors. Giant spin-orbit coupling effects and optical activities are subsequently inferred from symmetry analysis.
ABSTRACT
Based on density functional theory, the electronic and optical properties of hybrid organic/perovskite crystals are thoroughly investigated. We consider the mono-crystalline 4F-PEPI as material model and demonstrate the optical process is governed by three active Bloch states at the  point of the reduced Brillouin zone with a reverse ordering compared to tetrahedrally bonded semiconductors. Giant spin-orbit coupling effects and optical activities are subsequently inferred from symmetry analysis.
I. INTRODUCTION
Semiconductor optoelectronic devices are based on properties of direct band-gap crystals in the zinc-blende [1] [2] 
II. MODEL
Our study is performed by using the DFT implementation available in the ABINIT package 18 , with the PBE gradient correction for exchange-correlation 19 and relativistic, normconserving, separable, dual-space Gaussian-type pseudopotentials of Goedecker, Teter, and
Hutter for all atoms 20 . The electronic wave-functions are expanded onto a plane-wave basis set with an energy cut-off of 950 eV and a 1x4x4 Monkhorst-Pack grid is used for reciprocal space integration. The spin-orbit coupling (SOC) interaction is taken into account. Although numerous SAHOP systems with lead-halides have been studied, only a few related crystallographic structures are known precisely. In fact, growth of monocrystals for X-ray diffraction is difficult because of the lattice disorder and strain induced by the organic molecule that plays a fundamental role in the dielectric confinement. In a few cases, the cation packing is compatible with the inorganic framework, made of corner-shared PbX 6 octaedra (X=Cl, Br, I), leading to a perfectly ordered 2D system built on a single crystal hybrid organic perovskite (SCHOP). This is the case of 4F-PEPI with a monoclinic unit cell 17 as shown in Fig. 1 . Experimental lattice parameters (transformed to P21/c: a=16.7 Å, b=8.6 Å, c=8.8 Å, =110°) and atomic positions 19 were used for the DFT calculations with C-H and N-H bond length fixed to 1.089 and 1.008 Å respectively. As X-ray diffraction pattern of spin-coated films of 4F-PEPI lead to the same interlayer spacing (16.7 Å) 17 , the SCHOP 4F-PEPI is believed to offer a good reference framework to investigate the electronic and optical properties of its SAHOP counterpart. Figure 2 shows the band structure of mono-crystalline 4F-PEPI with and without the spin-orbit interaction. No energy dispersion occurs along the -X direction (characterizing the stacking axis in real space), which is an inherent consequence of the dielectric mismatch between PbI 4 and the organic sheet. As a result, the density of states close to the band gap exhibits a reduced 2D dimensionality in connection with the observed 2D character of excitons in the SAHOP counterpart 11 .
III. RESULTS AND DISCUSSIONS
The DFT electronic structure also reveals a direct band-gap character in agreement with the observed luminescence at room temperature 8, 17 . In first approximation, the optical absorption near the band-edge can be modeled without SOC ( (Fig. 2a and 3a) , which further evidences the scharacter of the wave-functions related to the inorganic semiconductor. The S symbol is proposed for SCHOP for the first time in this work (Fig. 4) , to represent the Bloch State of the VBM, by analogy to CBM in conventional semiconductors [1] [2] [3] . A significant mixing with the molecular electronic states is observed only for the lower lying electronic states. In SAHOP structures, a crystal-field splitting  cr should appear owing to the structural anisotropy between parallel to and normal to the stacking axis. It is associated to the dielectric confinement but also to the non-bonding of the iodine p orbitals along the a axis Neglecting spin-orbit coupling,  cr in 4F-PEPI will split the threefold-degenerate p-derived states into a non-degenerate level and a nearly doubly-degenerate one. It is clearly evidenced in the conduction band structure ( Fig. 2a and 3a) where the two first excited Bloch states, namely (Fig. 4) , to represent the Bloch States of the CBM, by analogy to VBM in conventional semiconductors [1] [2] [3] . We calculate a crystal field of 1eV that corresponds to the energy spacing between (CBM1+CBM2)/2 and CBM3, the latter state displays a non-bonding character of iodine p orbitals. Contrarily to the valence band maximum, the effect of the spin-orbit interaction is huge at the conduction band minimum leading to a large SO splitting  SO between the two first conduction states. This is a direct consequence of the s and p symmetries in the ground and excited wave-functions. Moreover, the CBM1 and CBM2
wave-functions are mixed by the SOC because B u and A u transform into the same irreducible representation E 1/2u of the double group 23 . The DFT calculation gives  SO =1.2eV and this concords with the experimental value of 0.966 eV of an equivalent SAHOP 24 .
For optics, it is noteworthy that non-bonding electrons occur in our calculations at very high energies above the CBM and consequently are not involved in the excitation process. The DFT fundamental transition displays a nearly-perfect transverse electric (TE) character in agreement with experimental results on SAHOP 16 . It is similar to conventional zinc-blende quantum wells [1] [2] [3] with D 2d point symmetry or würtzite bulk compounds with C 6v point symmetry. Symmetry and ordering of the Bloch states are however different for SCHOP. In 4F-PEPI, the organic layer stacking may yield small deviations from in-plane spectral activity. In order to get insight into the optical process, we have calculated without SOC the dipolar matrix elements between the first valence and conduction band states as defined by:
, where i x represents the crystal axis and j the two first excited levels. Fig. 5a shows the polar plot of 
